Introduction {#s1}
============

Microtubules (MTs) are essential for a variety of cellular functions, notably, cell motility, transport, polarity and shape, as well as mitosis. Amongst these cellular processes, is the ability of MTs to function properly in their intrinsic dynamic state. However, these functions can only be possible when MTs are regulated by molecules known as microtubule-associated proteins (MAPs). MAPs can either influence stabilization and destabilization of MTs, orchestrate cellular dynamics, or serve as a linker between cytoskeletal components (Maiato et al., [@B76]). Doublecortin (DCX) is a unique MAP that exhibits these features collectively. Interestingly, DCX may also be implicated in the development of cancer cells due to its significance in the migration of neuroblasts. In this review, we will summarize current features of the neuronal MAP DCX, its expression in neurons and other tissues of various species, its roles in neurological disorders as well as its importance in cell proliferation during neurogenesis. We will discuss the mechanisms underlying MT stabilization via DCX regulations and the links between MTs and filamentous actin. We will also describe the implications of MT stabilization by phosphoregulation of DCX in cancer cell migration and possible problems that define the field. Finally, we will discuss the similarities between DCX superfamily members and the importance of studying DCX.

DCX is essential for the development of a functional brain
----------------------------------------------------------

DCX is a 40 kDa phosphoprotein encoded by the *DCX* gene. It is a nervous system-specific MAP expressed in migrating neurons of the central and peripheral nervous system during embryonic and postnatal development (Gleeson et al., [@B44]). It was first described in 1998 (Gleeson et al., [@B43]) with regards to its mutation in human X-linked lissencephaly and double cortex syndrome (known as SBH); two neurodevelopmental disorders associated with the abnormal migration of cerebral cortical neurons (Sossey-Alaoui et al., [@B110]; Feng and Walsh, [@B33]). Lissencephaly and SBH patients display a range of symptoms including epilepsy, intellectual impairment, and infant death which result from abnormal development of the cerebral cortex. Mutations of the DCX protein causes defective neuronal migration in a way that the properly structured layers of the cortex are poorly organized. Because the DCX gene is on the X chromosome, females with a DCX mutated genotype exhibit random inactivation in one of the two X chromosomes; this ensures that half of the cells have a functional copy of the gene and migrate correctly into a layered cortex. In contrast, the other half does not have a functional copy and subsequently stop half-way along their journey through the developing cortex. This creates heterotopic bands of gray matter in between the cortex and the ventricle, thus the so-called double cortex. On the other hand, hemizygous mutations occur in male patients who possess no functional copy of the DCX protein resulting in lissencephaly. Their cortex is abnormally thick and composed of four poorly organized layers, hence they exhibit more severe symptoms (Gleeson, [@B42]).

Kim et al. recently reported a novel missense mutation of DCX linked to late childhood-onset familial focal epilepsy and anterior dominant pachygyria without SBH in both male and female (Kim et al., [@B60]). In this case, transient focal seizures occurred in patients accompanied with tonic or dystonic activities in an age-dependent manner. Similarly, like lissencephaly patients, hemizygous males displayed more frequent seizures and abnormal development coupled with generalized pachygyria. On the flip side, heterozygous female patients exhibited only anterior pachygyria. This novel DCX mutation is found in the N-terminal region of the N-DC domain (Kim et al., [@B60]).

In addition, DCX has also been reported to be crucial in the proliferation of progenitor cells during neurogenesis in DCX mutant embryonic brains. Abnormal neuronal migration combined with defective proliferation was reported in DCX mutant mouse, although cortical organization was fairly disrupted. Pramparo et al. reported irregularities in spindle orientation of radial glial progenitors in DCX/LIS double knockout neurons compared with wild-type neurons. This correlates with differences in the number of bromodeoxyuridine (BrdU)-positive cells, as cell circle enters quiescent stage frequently when compared with the wild-type neurons (Pramparo et al., [@B98]). In the absence of DCX, significant depletion of the progenitor pool during cortical development was observed. These findings imply that the functions of DCX is not limited to neuronal migration but is also crucial for cellular proliferation during neurogenesis.

A principal mediator influencing the activities of neuronal migration and MT stabilization
------------------------------------------------------------------------------------------

DCX is essential for neuronal differentiation and migration of human neurons by virtue of its involvement in MT stabilization. It is highly expressed at the axon of neurons and may regulate MTs in response to extracellular signals in these distal zones to facilitate pathfinding during development (Gleeson et al., [@B44]; Weimer and Anton, [@B121]; Tint et al., [@B112]). DCX is a determinant factor in growth cone formation, dendritic extension, nuclear translocation, and it also prevents nucleokinesis defects (Burgess and Reiner, [@B14]; Friocourt et al., [@B39]; Moores et al., [@B89]; Koizumi et al., [@B63]). DCX has been shown to influence the structure of MTs as it facilitates the binding of protofilaments (pfs) and inhibits depolymerization of MTs (Figure [1](#F1){ref-type="fig"}); this is regarded as one of its most important features because of its distinctive role in nucleating and binding MTs with a 13-pf construction (Moores et al., [@B88]; Bechstedt and Brouhard, [@B6]). This function is particularly important because MTs polymerized with DCX presented 13 pfs whereas those polymerized in the absence of DCX varied from 8 to 19 (Matsuo et al., [@B81]; Brown et al., [@B12]; Couillard-Despres et al., [@B20]).

![MTs are hollow tubes made of pfs, each of which is made of α and β-tubulin monomers tightly bound together in an organized conformation. Both monomers are composed of GTP molecules. This fig. shows DCX binding to the tubulin monomers at the MT plus-end of the β-tubulin (which possesses the hydrolyzed GDP) fitting into the inter-pf valley. DCX stabilizes MT, promotes bundling, and favors MT polymerization (Moores et al., [@B87]).](fnmol-10-00199-g0001){#F1}

Expression of DCX is generalized in many species
------------------------------------------------

Studies have shown the expression of DCX in various regions of the developing nervous system. It is highly expressed in newly produced cells in the neurogenic zones; the subventricular zone (SVZ) along the lateral ventricle and the subgranular zone (SGZ) of the dentate gyrus. In the neurospheres derived from SVZ of adult rodents, it was demonstrated that DCX promoted cell migration during neurogenesis (Ocbina et al., [@B92]; Jin K. et al., [@B53]) due to its expression around the focal cortical infarcts in migrating neuroblasts during a short phase of their growth, in both adult and developing mammals (Matsuo et al., [@B81]; Gleeson et al., [@B44]). The DCX-positive cells move along the rostral migrative stream to the olfactory bulb of the adult rodent brain (Gleeson et al., [@B44]; Couillard-Despres et al., [@B20]; von Bohlen und Halbach, [@B117]). Pechnick et al. further illustrated that 2.6% of hippocampal cells of wild-type mice were DCX-positive. Interestingly, in these cells, DCX co-localized with BrdU in the SGZ (Pechnick et al., [@B96]). This implies that DCX-positive cells are required to maintain the progenitor pool and that enhanced neurogenesis is responsible for increased cellular proliferation.

Indeed, DCX has been adopted as a marker for neuronal precursors and migrating neuroblasts during adult neurogenesis (Brown et al., [@B12]; Couillard-Despres et al., [@B20]; von Bohlen und Halbach, [@B117]; Wang C. et al., [@B119]). It plays a crucial role in pathologic conditions as it is required in maintaining the progenitor pool (Couillard-Despres et al., [@B19]; Zhao et al., [@B127]; Marin et al., [@B77]; Pramparo et al., [@B98]) by providing newly generated cells migrating out of the point of origin toward the lesion or an injured area to replace neurons (Liu et al., [@B75]). DCX is expressed in the brain of several species and has consequently been studied for its involvement in neurogenesis, cellular movement, wound healing, and neuronal plasticity. It is expressed in the retinas of chick, rat, shark, and most recently the sea lamprey (Wakabayashi et al., [@B118]; Kim and Sun, [@B61]; Sanchez-Farias and Candal, [@B104]; Fernandez-Lopez et al., [@B34]). It is also expressed in short-lived annual fish (teleost *Nothobranchius furzeri*) (Tozzini et al., [@B113]), the zebra finch (*Taeniopygia guttata*; Itoh et al., [@B49]), in rat retinal pigment epithelium (RPE) cells *in vitro* (Engelhardt et al., [@B29]), as well as in immature and adult neurons in the cerebellum of guinea pig, cat, dog, and primates (Couillard-Despres et al., [@B20]; Ocbina et al., [@B92]; De Nevi et al., [@B24]). Moreover, DCX has been explored for its role in brain plasticity by studies in seasonal songbirds such as canaries (Balthazart et al., [@B4]; Yamamura et al., [@B124]), chickadees (*Poecile gambeli*; Fox et al., [@B38]), sparrows (*Zonotrichia leucophrys*; LaDage et al., [@B65]), quails (*Coturnix japonica*; Hall and Macdougall-Shackleton, [@B46]), and starlings (*Sturnus vulgaris*; Migaud et al., [@B83]). Hence, DCX is being utilized as a marker for detecting the processes of neural recruitment. Consequently, adult-born neurons are detected in the hypothalamus of several mammals including sheep, mouse, rats, vole, and hamster (Fowler et al., [@B37]; Xu et al., [@B122]; Pierce and Xu, [@B97]; Migaud et al., [@B82]; Mohr and Sisk, [@B85]; Robins et al., [@B101]; Batailler et al., [@B5]), suggesting that hypothalamic neurogenesis is a conserved process in mammals. Meanwhile, microchiropterans were previously reported to undergo no adult hippocampal neurogenesis (Amrein et al., [@B3]), later studies reported otherwise with significant expression of DCX detected via immunohistochemistry (Chawana et al., [@B16]).

In addition, despite DCX specificity in central nervous system (CNS), a recent study has confirmed the expression of DCX in the cytoplasm of beta cells and has been postulated to be a possible biomarker for beta cell injury (Jiang et al., [@B52]). This may be due to the supply of numerous nerves from the autonomic nervous system to the endocrine pancreas (Begg and Woods, [@B9]). This further exposes the versatility of the DCX protein in cellular activities and can open a broad spectrum as to the relationship between neurogenesis and the production of new beta cells in response to diabetes. These links require further clarification, and its functions in these cells should be explored.

Collectively, these findings indicate that DCX is expressed in different species during neurogenesis and it may be utilized as a marker for neuronal migration as well as an indicator of neurogenesis. Owing to the limitations in other methods, DCX can be considered a more accurate indicator of newly generated cells in the CNS. For instance, retroviral incorporation in animal models may cause lesions in the parenchyma, resulting in inflammatory reactions (Yamada et al., [@B123]). Similarly, BrdU incorporates into the DNA of cells undergoing mitosis, and its integration depends on series of factors including the blood brain barrier, extracellular fluid, nucleoside transport mechanism, and pharmacological variables (Cooper-Kuhn and Kuhn, [@B17]; Liu et al., [@B71]). However, DCX does not rely on these variables, it detects only newly generated neurons, hence its specificity (Hwang et al., [@B48]). Therefore, DCX should be regarded as a gold standard marker for detecting neurogenesis.

DCX mediates cytoskeletal organization by stabilizing the MT {#s2}
============================================================

Neuronal migration is a critical step during the development of the nervous system. For a neuron to successfully complete its functions, it must undergo series of cytoskeletal modifications. MTs can modify cell membranes, influence adhesive structures, interact with other cytoskeletal elements, and participate in signaling pathways via different interacting proteins. MTs contribute to various cellular migration processes via its distinct properties coupled with the extension of the MT network throughout the cell cytoplasm. These functions are mediated by MAPs and microtubule-associated motors (Etienne-Manneville, [@B31]). While MAPs can stabilize MTs against disassembly, they can also influence their dynamics because they are involved in interactions between MTs and other cellular organelles as well as signaling molecules. Typically, DCX is required for the movement of neuroblasts from the neurogenic zones to their point of piquancy. This is achieved by direct interactions with MTs or other neuronal MAPs and by stimulatory signals emanating from several pathways. How does DCX stabilize the MTs and what are the molecular consequences of its interactions with other MAPs?

DCX binds to MTs in migrating cells and as a result promote the movement of these cells (Friocourt et al., [@B39]; Schaar et al., [@B108]). It is very important in neurogenesis and is implicated in neuronal migration disorders. Deletion of DCX or its mutation in mice resulted in disorganized (Kappeler et al., [@B56]; Koizumi et al., [@B63]) and retarded movements (Friocourt et al., [@B40]). Consequently, the leading process of DCX-deficient interneurons branches many times at shorter intervals than normal, but the new branches are very unstable, owing to the fact that cytoskeletal instability in the leading process may prompt neurons to branch more frequently (Kappeler et al., [@B56]). This suggests that DCX is required to stabilize new leading process branches. Furthermore, the mutations of DCX in human produced a disorganized, unfolded cortex, with band heterotopia, a condition where some neurons remain in cortical white matter making them incapable of reaching the cortex (Kerjan and Gleeson, [@B57]; Leger et al., [@B67]; Jaglin and Chelly, [@B50]), hence the name SBH. However, mutant animals exhibited milder symptoms like seizures, indicating a hippocampal perturbation may be sufficient to generate them, this may be due to the size of the brain of these animals or the redundancy on members of DCX protein family (Nosten-Bertrand et al., [@B91]; Kerjan et al., [@B58]). Furthermore, in neurons lacking DCX, dendrites had abnormal appearances and impaired signal transmission across synapses as well as increased pyramidal cell excitability. These factors may underlie the vulnerability of DCX mutant animals to epileptic seizures (Fourniol et al., [@B36]). At the same time, genetic deletion of DCX produces mice with a heterotopia restricted to the CA3 region of the hippocampus (Kappeler et al., [@B56], [@B55]), which are probably due to structural similarities with other genes in the same family (e.g., DCLK, deputizing in its absence). This disorder becomes more evident when it is combined with mutations in *Lis1* (another gene involved in lissencephaly; Deuel et al., [@B26]). This evidence point toward catastrophic consequences as a result of DCX mutations, which range from mild to severe neurological disorders, suggesting that DCX play crucial roles in the formation and maintenance of a functional brain.

DCX may directly interact with platelet-activating factor acetylhydrolase IB subunit alpha (PAFAH1B1; also referred to as Lis1), which plays a significant role in regulating the motor protein dynein (Caspi et al., [@B15]). This interaction was reported to contribute to MT stabilization and enhanced nuclear translocation in neuroblasts and favors the proper development of the cortex. DCX could also serve as a link between MTs and Lis1 to stabilize cellular migration via the phospho-FIGQY motif of neurofascin. Neurofascin is known to play roles in neuronal migration, synaptic plasticity, axonal guidance, as well as neurite outgrowth and fasciculation (Kizhatil et al., [@B62]; Dijkmans et al., [@B27]). Co-localization of DCX and neurofascin occurs in migrating neurons and tracts of developing axons. This interaction relies on the phosphorylation of FIGQ-motif of neurofascin and it could be important for MT directional migration of neurons, serving as a regulator of DCX (Table [1](#T1){ref-type="table"}). This suggests a role for DCX in cell adhesion (Kizhatil et al., [@B62]). Although, little is known about the interactions between DCX and neurofascin, existing facts prove that there is more to the functionality of DCX than our current understanding.

###### 

DCX-associated proteins and the function of their interactions.

  **Protein/molecule interaction**   **Importance of interactions**                                                                                                                        **Molecular site of action**                                                                **Discovery**
  ---------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------- -----------------------------------------------------------
  PTEN                               A major inhibitor of the PI3K/AKT pathway                                                                                                             ???                                                                                         Li et al., [@B68], [@B69]; Endersby and Baker, [@B28]
  PAFAHIB1                           Regulates dynein by establishing nucleus-centrosome coupling and increasing MT stabilization as well as nucleation to favor tubulin polymerization.   Direct interaction                                                                          Caspi et al., [@B15]
  Tubulin                            Enhanced MT polymerization.                                                                                                                           First DC domain of DCX                                                                      Sapir et al., [@B107]
  Neurofascin                        Neuronal migration, neurite outgrowth and fasciculation, as well as synaptic plasticity and axonal guidance                                           FIGQ-motif of neurofascin                                                                   Kizhatil et al., [@B62]
  NeurabinII/spinophilin             Influences the binding of DCX to f-actin and increases affinity for the actin filaments                                                               NuerabinII enhances DCX dephosphorylation at JNK2 phosphorylation sites. Residue Ser 297.   Tsukada et al., [@B114], [@B115]; Coquelle et al., [@B18]
  MARK1 and PRKA                     DCX is correctly localized at the leading processes thus MT-binding activity reduces                                                                  Ser 447                                                                                     Schaar et al., [@B108]
  CDK5                               Phosphorylates DCX, reduces the amount of DCX that co-localize with MTs, and also reduces the polymerizing effects of DCX                             Ser 297                                                                                     Tanaka et al., [@B111]
  MAPK8/JNK1                         Neurite outgrowth of migrating neurons and controlled actin dynamics.                                                                                 Residue Thr321, Thr331, and Ser334                                                          Gdalyahu et al., [@B41]
  Rai (SHC3/SHCC/ N-SHC)             Mediates signaling pathways leading to GBM invasion.                                                                                                  ???                                                                                         Ortensi et al., [@B93]
  c-Jun N-Terminal Kinase            Regulates neurite extension, decreases DCX affinity for MTs, and promotes cell migration.                                                             Phosphorylates DCX on Ser 332                                                               Jin J. et al., [@B54]
  Kinesin                            Transport of JNK signaling module to the neurite tip where JNK then phosphorylate DCX.                                                                Connected to DCX via JIP                                                                    Gdalyahu et al., [@B41]

*???--Interactions that are yet to be determined*.

MT plus-end tracking proteins (+TIPs) are groups of evolutionary conserved cellular factors located at the growing MT plus ends. They regulate MT dynamics by coordinating interactions between MTs and cellular structures as well as signaling factors (Akhmanova and Steinmetz, [@B1]). End-binding proteins (EB) comprise several +TIPs as they recruit them to MT plus ends in favor of migration (De Groot et al., [@B23]). DCX is not a +TIP, in fact, it is excluded from the EB domain. It, however, binds to the same site as EBs (Fourniol et al., [@B35]) and the binding of both molecules to MTs is mutually exclusive but not competitive. Moreover, *in vitro* studies proposed DCX localization to growing MT ends independently of EBs (Bechstedt and Brouhard, [@B6]; Bechstedt et al., [@B7]). Recently, Ettinger et al. reported that in the presence of taxanes (spindle poison), DCX preferably binds to depolymerizing MTs, whereas it binds to polymerizing MTs in normal, undisturbed MTs (Ettinger et al., [@B32]). The interactions between DCX and MTs is so unique that it readily binds to the GTP- or GDP-Pi-bound MT conformation *in vivo*. It is the first anti-+TIP reported to specifically bind to the GDP-MT lattice. Experiments conducted to mimic this type of interactions between DCX and MTs did not result in strong affinity between them (Ettinger et al., [@B32]). This implies that DCX-MT interaction is required for the stabilization of a growing MT and rescue of depolymerized MTs.

In addition, *Toxoplasma gondii* (*T. gondii*), a member of apicomplexans, possess a cone-shaped feature known as "conoid." The conoid is made up of 14 helical configurations of fibers. In these organisms, TgDCX, which has a DCX domain has been described as a candidate molecule that dictates the arrangement of conoid fibers. Complete loss of the TgDCX reduced host cell invasion by four-fold compared to wild-type (Nagayasu et al., [@B90]). Without the DCX domain, the conoid appears irregular, exhibiting stunted growth and its ability to invade host cells consequently diminishes. Hence, the TgDCX has been proposed as an attractive parasite-specific chemotherapeutic target (Nagayasu et al., [@B90]). Although, it is not regarded as the DCX protein independently, its possesses conserved DCX domain and corresponding functions which are similar to that of the DCX domain found in mammals. This shows that the DCX domains retain its functions across species. These findings further strengthen the idea that DCX, when altered, can be implicated in host cell invasion.

Taken together, these data suggest that DCX stabilizes the MTs and is required for the maintenance of a functional brain. However, a deeper knowledge about the mechanism involved in the process is essential for the rescue of a depolymerizing MT. Meanwhile, it is important to note that these interactions between DCX and MTs are orchestrated by both N-terminus and C-terminus domains. Indeed, no interactions were found in DCX constructs lacking either of the two domains (Kim et al., [@B59]). This suggested that both domains are equally important in the development of a functional brain.

MT destabilization may occur by phosphorylation of DCX
------------------------------------------------------

MAPs are targets of several protein kinases, and phosphorylation of a MAP determines its activity and localization within the cell. The mechanisms adopted by DCX in stabilizing the MT have been exclusively explained via phosphoregulation as well as its interactions with several MAPs and other cytoskeletal components. It serves as a substrate for some kinases and phosphatases including the protein kinase A (PKA) and microtubule affinity-regulating kinase 1 (MARK1) at residue Ser47 (Schaar et al., [@B108]), as well as cyclin-dependent kinase 5 (CDK5) mainly at residue Ser297 (Tanaka et al., [@B111]). MARK1 and PKA- phosphorylation of DCX weakens the DCX-MT interactions as phosphorylation of DCX at Ser47 is required for DCX proteins to be properly localized at the leading processes during neuronal migration. Meanwhile, phosphorylation of CDK5 at Ser297 reduces the amount of DCX that co-assemble with MTs (Marin et al., [@B77]), a measure of affinity, and decreases the polymerizing effect of DCX, a measure of stabilization. Decreased affinity and stabilizing effects of DCX disrupts the MT, an effect that may lead to a more dynamic MT cytoskeleton (Tanaka et al., [@B111]; Figure [2](#F2){ref-type="fig"}). However, further clarification on this event needs to be established to fully understand the functions of DCX.

![Neuronal migration involves polarization of the cytoskeleton. MTs can induce and/or maintain polarity. Abnormal cell migration likely reflects a faulty mechanism in cell polarization. **1**. Microtubule polymerization and depolymerization (enlarged view of interactions between DCX and MTs). **2**. Actin filament polymerization (enlarged view of the leading process). Reduction in DCX destabilizes MTs *in vitro* leading to polarization impairment. The "doublecortin regulators" act on DCX to aid effective migration. Kinases can phosphorylate DCX on its serine/threonine residues to aid migration of neuroblast, as phosphorylation of DCX is required for localization of the MTs and proper neuronal migration. However, these kinases (in red) are in free-flow in cancer cells and may be carcinogenic. Cancer cells may take advantage of these kinases to destabilize the MTs and promote uncontrolled movement of cells. While DCX is phosphorylated on the MTs, it can also bind to actin filaments at the leading process via spinophilin (gold). This promotes polymerization of actin and improves cellular migration.](fnmol-10-00199-g0002){#F2}

In addition, DCX can be phosphorylated by mitogen-activated protein kinase 8 (MAPK8/JNK1) at Thr321, Thr331, and Ser334 sites in humans with corresponding sites at Thr326, Thr336, and Ser339 in mouse. Phosphorylation at these sites influences DCX mobilization to the growth cones of the leading processes (Gdalyahu et al., [@B41]; Jin J. et al., [@B54]), suggesting that the role of DCX is not restricted to stabilizing the MT but also extended to the actin cytoskeleton. Furthermore, DCX has been reported to interact with actin directly and indirectly through neurabin II (also known as spinophilin; Tsukada et al., [@B114]).

DCX interacts with actin filaments
----------------------------------

Several reports show that MTs and actin interact with each other to drive cell migration and neuronal growth cone movement (Schaefer et al., [@B109]). In migrating cells, MTs preferentially bind to and grow along focal adhesion-associated actin bundles (Salmon et al., [@B103]). Likewise, in neuronal growth cones, filopodial f-actin bundles play a role in MT dynamics as MT subunits polymerize toward the growth cone extension regions of the filopodia (Schaefer et al., [@B109]). The interactions between MTs and actin may occur either as a regulatory or structural contribution to the mechanics of the cytoskeleton. These interactions are regulated via cytoskeletal-associated proteins which may bind to more than one cytoskeletal component. For instance, MAP2c and MAP1B are known neuron-specific MAPs that interact with the actin cytoskeleton. Interestingly, MAP2c associated with the actin cytoskeleton after phosphorylation and this phosphorylation repressed the binding of MAP2c to the MT (Rodriguez et al., [@B102]), an interaction similar to the one employed by DCX. The fact that MAP2c dissociates from MTs after its phosphorylation (Ozer and Halpain, [@B95]) correlates well with reports that the binding of DCX to MTs is negatively regulated by phosphorylation on its serine residues (Schaar et al., [@B108]; Tanaka et al., [@B111]). As much as phosphorylation may drive DCX away from the MT cytoskeleton, it may also increase affinity for the actin cytoskeleton. DCX can bind as well as bundle f-actin, this hints at a novel function of DCX.

DCX interacts with actin via spinophilin, an actin-associated protein that acts as a protein phosphatase-1 (PP1)-adaptor. Spinophilin is highly expressed in the dendrites where neurons take up impulses (Allen et al., [@B2]). When DCX was co-expressed with spinophilin, it interacted with both MTs and f-actin. However, when DCX alone was expressed in cells, it co-localized with MTs but not with f-actin (Tsukada et al., [@B114]; Yap et al., [@B126]). Hence, DCX may act as a cross-linking factor to both the actin cytoskeleton and the MT depending on its phosphorylation state with spinophilin. Spinophilin also enhances DCX dephosphorylation at JNK2 phosphorylation sites by upregulating PP1 and this dephosphorylation of DCX regulates its distribution between f-actin and MTs (Tsukada et al., [@B115]; Bielas et al., [@B11]). Furthermore, PP1 targets DCX via *PPP1R9B* (the gene encoding neurabin/spinophilin). This leads to dephosphorylation of DCX at Ser297. Dephosphorylation at this site is essential for DCX distribution at the neurite tip during neuronal migration. Moreover, DCX and PPP1R9B co-localize at the axons, where MT and actin interact (Bielas et al., [@B11]). Studies on the implications of spinophilin mutations may explain the functions of DCX-spinophilin interactions as well as prognosis of some diseases associated with cytoskeletal disorganization.

MAPK8-mediation of DCX is also necessary at the neurite tips during migration (Gdalyahu et al., [@B41]). When DCX binds to MAPK8-interacting protein 1 (MAPK8IP1/JIP-1), it may indirectly regulate actin dynamics via the RELN pathway. This is possible because JIP-1 directly binds to LRP8 which is an essential component of the pathway (Moon and Wynshaw-Boris, [@B86]). However, little is known about this regulation. Further to this aspect, more knowledge about these interactions is fundamental to the study of cellular migration.

While neurons are full of MT-stabilizing proteins, DCX has unique properties that cannot be functionally compensated for by other neuronal MAPs (Hoenger and Gross, [@B47]). Facts presented here show that DCX is not just a MAP but can also function as an actin-associated protein through different molecules to enhance migration of neurons. It is inestimably important in the dynamics and mechanism of the activities of the brain. However, these reports are not enough to fully understand the importance of DCX and cytoskeletal mechanics in the quest to combating abnormalities related to the destabilized cytoskeleton. Therefore, further works on the DCX molecule and its genetic build up should be improved to better address the causes of related diseases.

Dynamic involvement of DCX in cancers {#s3}
=====================================

Studies about cellular dynamics may explain the invasion and metastatic abilities of recurring cancer cells. Several pathways that regulate normal stem cell physiology have been reported to influence tumor cell migration and invasion. Similarly, genes that regulate critical pathways for neural stem cell maintenance, differentiation, and proliferation, are also valuable targets for initiating differentiation as well as invasion of brain tumor stem cells. DCX falls into this category (Das et al., [@B22]; Ortensi et al., [@B94]). It is expressed in cancer cells and its contribution to the migration of neuroblasts makes it susceptible to the mechanism involved in the migration and invasion of cancer cells.

DCX is significantly expressed in a variety of cancers even when it is regarded as a neuron-specific MAP. The Human Protein Atlas database reported DCX to be moderately expressed in liver and prostate cancer tissues. 22.2% of prostate cancer tissues reported were positive of DCX as either low or in moderation while 26% of the liver cancer tissues reported were immunopositive of DCX ranging from high to low. In addition, other studies have demonstrated DCX expression in human glioblastomas (GBMs; Daou et al., [@B21]; Rich et al., [@B100]; Masui et al., [@B80]), gangliogliomas (Becker et al., [@B8]), cortical tubers (Lee et al., [@B66]), and lissencephaly (Miyata et al., [@B84]). Interestingly, its expression in brain tumors is concentrated at the invasive front. Consequently, DCX has been used in some studies as a molecular indicator of the infiltrating glioma cells (Bexell et al., [@B10]; De Rosa et al., [@B25]). There are existing studies suggesting that the expression of DCX may relatively be considered in cancer prognosis and survival rate. According to Rich et al., osteonectin (SPARC) and semaphorin3B are equally important genes involved in the regulation of cell migration, when combined with DCX, these genes may act as predictive genetic markers for the survival of GBM patients. Simultaneous expression of DCX with SPARC and semaphorin3B indicated a greater risk to patients\' survival (Rich et al., [@B100]), thus proposing a direct link between tumor invasion and patient\'s survival.

While researches in the past years have mainly been directed toward clarifying how new neurons from the SVZ are generated in response to brain lesions such as cerebral ischemia, epileptic seizures, and mechanical trauma, much less is known about the SVZ\'s response to the growth of a malignant brain tumor. It may be that cells migrating from the neurogenic zones respond to inflammation generated by cancers cells. Further studies are needed to evaluate this concept with major focus on DCX.

DCX activities in the normal cells may be implicated in cancer cells
--------------------------------------------------------------------

Several kinases and phosphatases involved in the phosphorylation and dephosphorylation of DCX have been implicated in brain tumor proliferation and invasion. Kinases and phosphatases are frequently deregulated in GBMs, therefore suggesting possible mechanisms favoring the invasive abilities of the cancer cells (Ortensi et al., [@B94]). DCX is phosphorylated by CDK5 on Ser297 residue (Tanaka et al., [@B111]), likewise on Ser47 by PKA and MARK (Schaar et al., [@B108]), both eventually led to reduction in DCX\'s binding affinity for MTs and in turn enhancing migration, a mechanism that can be implicated in the migration and invasion of highly invasive glioma (Figure [2](#F2){ref-type="fig"}). On the other hand, c-Jun N-terminal kinase (JNK) phosphorylation of DCX at Ser332 decreased the affinity of DCX for tubulin, thus cell migration was enhanced (Jin J. et al., [@B54]). Perhaps these phosphorylations may be required to initiate and maintain uncontrolled movement of cancer cells due to the destabilization of the MTs, as uncooperative MT stapling and aversion for MT tips may explain DCX involvement in the movement of invasive cancer cells.

Moreover, phosphatase and tensin homolog (PTEN), an antioncogene often expressed in human cancer act on DCX. From the STRING database (functional protein association networks), DCX was found to interact with PTEN directly via AP-1 (Jun), a product of c-Jun. PTEN has also been reported to act as a suppressor of the PI3K/AKT pathway and is often deleted in GBMs (Endersby and Baker, [@B28]). We suspect existing links between these two and there might be a correlation between PTEN and DCX in GBM invasion. In addition, Rai (SHC3/SHCC/N-SHC) is a neuron-specific member of the family of Shc-like adaptor proteins. It is expressed in neurons, in response to ischemic damage to confer neuroprotective responses via the activation of the PI3K/Akt pathway, leading to cell survival (Ortensi et al., [@B93]). In an *in vivo* and *ex vivo* experiment, Ortensi et al. demonstrated that silencing Rai in cancer stem/progenitor cells derived from GBM patients reduced cell dynamics and their ability to invade normal cells. Rai also mediates different signaling pathways which eventually leads to metalloproteinase upregulation and GBM invasion. DCX is a target of this adaptor protein in NSCs and in CSCs derived from GBM patients. Moreover, some cells that express Rai reside predominantly in the tumor invasion front. These cells also express DCX and OLIG2 which are indicators of adult neurogenesis (Ortensi et al., [@B93]).

Meanwhile, despite reports from several types of research confirming DCX expression in cancer cells (Bexell et al., [@B10]; De Rosa et al., [@B25]), Santra et al. frequently reported that DCX is absent in glioma cell lines (Santra et al., [@B105]). However, this conflicting observation may be due to the type of cell line used (U87 cell-line), since the experiment was only carried out using a single cell line. On the other hand, experiments from De Rosa et al. confirmed the expression of DCX in both primary and recurrent GBM tumors derived from patients. Therefore, it would be peremptory to conclude that DCX is not expressed in brain tumors based on reports from Santra et al. Interestingly, they also reported that DCX serves as a tumor suppressor gene. When exogenous DCX was added to cells, reduced proliferation and diminished stem cell renewal were observed (Santra et al., [@B106]), this is also an interesting development that needs to be validated. Experiments designed to alter the gene expression with different technologies is needed to support this observation in different cell lines and animal models. However, there must be caution on how the genetic expression resulting from gene alteration is translated for accurate applications.

Even though there are several reports about the regulation of DCX during neurogenesis, there is more to be explored regarding the initiation and regulation of brain cancers. This may lead to the discovery of new pharmaceutical targets and hence aid effective treatment and eradication of malignant tumor cells.

DCX may be an independent biomarker for NB
------------------------------------------

Neuroblastoma (NB) is the most common cancer occurring from early childhood. It is responsible for a significant number of cancer deaths in children. It is characterized by poor prognosis in infants diagnosed at an early stage of life and metastasize to various organs of the body (Esposito et al., [@B30]). In metastatic NB patients, accurate risk stratification and disease monitoring would reduce relapse probabilities. Reverse transcriptase quantitative polymerase chain reaction (RT-qPCR) for NB mRNAs in bone marrow (BM) or peripheral blood (PB) can be predictive of outcome (Viprey et al., [@B116]). DCX has been identified as a sensitive and specific minimal residual disease biomarker (Viprey et al., [@B116]). Yanez et al. reported high levels of DCX mRNA detection by RT-qPCR in the PB and BM at diagnosis. According to them, high levels of DCX in BM independently predicted poor event-free survival and overall survival in NB patients (Yanez et al., [@B125]). They consequently suggested that DCX mRNA levels in PB and BM assessed by RT-qPCR may be considered in new pretreatment risk stratification strategies to reliably estimate outcome differences in metastatic NB patients. This may further enhance the mode of stratifying NB patients into risk groups for effective and proper treatment. However, this report alone is insufficient to support these claims since Yanez et al. did not include low and intermediate NB patients during diagnosis. Therefore, further research involving these sets of patients is required to validate the accuracy of this technique.

The DCX superfamily; sharing attributes from appearance to behaviors {#s4}
====================================================================

DCX superfamily members may exhibit partial functional co-operation during adult neurogenesis. Genetic studies and detailed sequence analysis of mutants of the DCX family members showed that genes that encode this family member may co-operate with each other in an organized manner during neurodevelopment (Deuel et al., [@B26]). This offers a platform for the mapping of tandem repeats located in conserved DCX domains (Sapir et al., [@B107]). The sequence analysis revealed that DCX is built from an N-terminal tandem of homologous 90-amino-acid (11 kDa) domains which were consequently named DC domains. These domains are separated by a well-conserved but presumed unstructured linker and are followed by a C-terminal serine/proline-rich domain. Studies further reported that the first DCX domain binds tubulin and promotes polymerization (Fourniol et al., [@B36]).

DCX superfamily members are MAPs that participate in cytoskeletal stabilization, consequently promoting cellular dynamics in immature neurons (Koizumi et al., [@B64]). Analysis of loss-of-function mutations in DCX family members (DCX, DCLK, or DCLK2) showed that mutations in a single member of this family resulted in less severe developmental defects compared to multiple mutations across the family (Deuel et al., [@B26]; Koizumi et al., [@B64]; Kerjan et al., [@B58]). Defects in combined mutations of the DCX superfamily members range from abnormal hippocampus to perinatal lethality (Deuel et al., [@B26]; Koizumi et al., [@B64]).

Loss of DCX can be compensated for to some extent by DCLK
---------------------------------------------------------

Doublecortin-like kinase (DCLK), initially known as doublecortin and CaM kinase-like 1 is the closest DCX paralog (Burgess and Reiner, [@B14]). It has several splicing isoforms, with a DCX-like isoform that is 72% identical to DCX. DCLK is a 729-amino-acid protein, with a C-terminal serine/threonine--protein kinase domain, similar to CaM kinase II (Koizumi et al., [@B64]; Figure [3](#F3){ref-type="fig"}). Indications about the potential functions of DCX and DCLK are hinted by their distribution in the growing axons. DCX is enriched especially in the growth cones of elongating axons (Friocourt et al., [@B39]; Schaar et al., [@B108]). It associates in a gradient along MTs that increase precipitously as they extend from the base of the growth cone to its periphery (Tint et al., [@B112]; Jean et al., [@B51]). DCLK display similar distribution, suggesting that both proteins have specialized roles on MTs for the radically unique environment of the growth cone compared with the axonal shaft (Burgess and Reiner, [@B14]; Jean et al., [@B51]). Clues about the potential functions of DCX and DCLK are suggested by their distribution in growing axons. Targeted deletion of DCX in mice produces mild phenotypes at least to an extent (Deuel et al., [@B26]). DCX binds between the pfs of MTs which may be conducive to enable the MTs maintain a relatively straight conformation (Moores et al., [@B88]). There are existing reports that no distinct phenotype was observed in neurons when DCX alone was downregulated (Tint et al., [@B112]). Neither the growth cone morphology nor the MT distribution appeared disrupted (Tint et al., [@B112]; Jean et al., [@B51]). Furthermore, similar observations were made in neurons lacking DCLK (Deuel et al., [@B26]).

![Major human paralogs of DCX. All paralogs illustrated here have two DC domains (N-DC depicted in yellow, C-DC in orange). Two of the four isoforms of DCLK are represented: DCX-like and full-length DCLK, which has a kinase domain (green). DCLK full-length has a very close homolog called DCK2. The serine/proline-rich domain is colored blue (Fourniol et al., [@B36]).](fnmol-10-00199-g0003){#F3}

Interestingly, knocking out both DCX and DCLK simultaneously, presented severe symptoms with frequent seizures and irregular lamination of the hippocampus (Deuel et al., [@B26]; Koizumi et al., [@B64]). The severity of disorders related to DCX mutations was reportedly minimal due to genetically redundant pathways involving DCLK. Either molecule can compensate the absence of the other to a large extent in single knockout out experiment (Jean et al., [@B51]). When DCX and DCLK are rightly bound to MTs, they provide support and strengthen the arrangement of tubulin. This is possible because both proteins bind to the MTs at the joint between two pfs (the weakest point on the MT). Moreover, the binding prevents MTs from folding, thus inhibiting MT depolymerization (Moores et al., [@B88]). Like the DCX, DCLK should also be given a close attention as it is the closest member of the DCX family whose functions have been reported to be similar to that of DCX, more than any other neuronal MAP. Also, more studies on DCX in DCLK knockout animal models will give a clearer insight into the remaining features of DCX that are yet to be discovered.

DCDC2
-----

Another DCX superfamily member that possess similar conformation and display partial redundancy to DCX is the DCX domain-containing protein 2 (DCDC2), encoded by the *DCDC2* gene. It is implicated in developmental dyslexia also known as the reading disorder (Lind et al., [@B70]). DCDC2 is involved in speech processing in the human brain while writing (Marino et al., [@B78]). Like its family members, DCDC2 has two DCX domains (Figure [3](#F3){ref-type="fig"}), which have been reported to bind to MTs and promote tubulin polymerization (Grammatikopoulos et al., [@B45]). Furthermore, DCDC2 is reportedly found in the hippocampal neurons, at the neuronal cilia where it modifies cilia signaling. Indeed, its protein product is involved in the control of activity and size of primary cilia in neurons (Massinen et al., [@B79]). The *DCDC2* gene expression is frequently found in the neocortex of immature rodents as well as in human neocortex (Burbridge et al., [@B13]). Altering DCDC2 expression in neurons of the neocortex of immature rats resulted in the irregular migration of the neurons. This indicated that DCDC2 facilitates neuronal development, further clarifying the proximity at which the DCX superfamily members function (Burbridge et al., [@B13]). Moreover, DCDC2 may be involved in cellular migration due to its interaction with several cytoskeletal-related proteins like its family members (Reiner et al., [@B99]). Additionally, mutant mice with DCX RNAi combined with DCDC2 knockout exhibited more severe abnormality compared with just DCX knockout mice, in this case, the dendrites appeared irregular (Wang Y. et al., [@B120]). Hence, DCDC2 is required during neurogenesis and may be involved in cellular mobility.

RP1
---

DCX paralogs also include oxygen-regulated protein 1 (RP1), a protein that is mutated in retinitis pigmentosa (a common form of inherited blindness) and whose MT-stabilizing activity is essential for photoreceptor cell development (Liu et al., [@B74]). Interestingly, erroneous eye receptor development as a result of RP1 mutation is associated with reduced JNK signaling (Liu et al., [@B72]), suggesting an interaction between RP1 and the JNK pathway (Dijkmans et al., [@B27]). This protein is specifically expressed in photoreceptors because of its DCX-domain (Liu et al., [@B73]).

Conclusion {#s5}
==========

In this review, we have assembled the features of DCX and highlighted its importance in the CNS as well as cancers to identify research gaps and project new research areas for the benefit of cellular dynamics and neurogenesis. DCX is a decisive factor in the development of neuroblasts. It orchestrates cellular dynamics during movements from neurogenic zones to the region of lesions. While it is generally known to be involved in lissencephaly and SBH, it is also very important in the development of cancer cells. Newly generated cells migrating from the neurogenic zones are DCX positive, and mutations in the DCX protein would lead to migration disorders causing lissencephaly and SBH. Hence, DCX has been adopted as a marker of neurogenesis in the SVZ and SGZ.

DCX is a neuronal MAP that is crucial to the migration of neuroblasts, and this makes it a vulnerable target for cancer cells. In other words, its original function may be overridden by cancer cells, functioning in a two-way system in favor of cancer cells to invade normal cells. The data reviewed above suggest that DCX regulates cancer cells mobility and invasion of adjacent tissues by remodeling the cytoskeletal network in response to signals influencing the survival of cancer cells. When DCX is phosphorylated, MTs unbundles and depolymerization sets in, a process that may be adopted by migrating cancer cells, taking advantage of the destabilized MT network to invade its surrounding cells. It also associates with actin filaments via an actin-associated protein, spinophilin. When DCX is phosphorylated on its serine residues, it tends to leave the MTs and shifts toward f-actin to aid the polymerization of the actin filaments and improve migration, another process that may be implicated in the migration of cancer cells. DCX can also serve as a marker for cancer prognosis. When combined with other genes can be used as genetic markers of GBM survival; the higher the expression, the lower the chances of survival. Furthermore, the levels of DCX mRNA in PB and BM can also be considered as a novel marker for the stratification of NB patients into risk groups to improve accuracy in treatment.

Despite efforts made to unravel the mechanisms that underlie cell migration, a lot more remain unknown. Thus, finding different pathways through which DCX conjugates with other proteins to stabilize the MT and its activities in the actin cytoskeleton should be prioritized as these pathways may provide insights for inhibiting tumor progression. What effect does DCX have on the proliferation capacity of brain tumors? So far, only a few reports can be found about the protective or destructive effects of DCX in cancer cells. These knowledge gaps suggest a possible path to future research in the quest to combating cancer recurrence and invasion. During the past few years, we noticed a decrease in research about DCX, this is a major concern as we believe there is more to be explored in this field, most especially its roles in cancer cell initiation. Besides its expression in the CNS, a recent study has confirmed the expression of DCX in the cytoplasm of beta cells and has been postulated as a possible biomarker for beta-cell injury. This expands the functional scope of DCX and calls for further research into the relationship between neurogenesis and the production of new beta cells in response to diabetes. It is predictable that the importance of DCX in cancer cells will be further appreciated with a wide interest in its research by scientists from different fields and the development of new therapeutic agents directed against the cytoskeleton to curb the development of cancer cells.
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